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Alfvén waves can exhibit a range of bifurcations upon their
interaction with fast ions
Typical scenarios:
* fixed frequency and frequency splitting-> frequency is mostly determined by the equilibrium
* chirping and avalanches -> frequency is highly affected by the fast ions nonlinear response

0.6 : INSTX114147
‘ NSTX " bursting/chirping
requency - | : NSTX
splitting JET L %% ;
. 50.4; E 2000
420 Zoomed View of TAEs & ; " RSAESs TAEs |
. e = S sk % 150 | i
F - = = b F q |lJ 1 |
— o w0 . TR
T 0.2f a4 E ol JiRRE 1 ! A
at, 0.15 017 g '9Of ' PR i
= 0.6——+ ——— - g -
8 . g Oy, =2.25x 10 N soF quasi bursts/chirps  avalanc| fes
% T osf 3 C stationary 1 ]
o 2 3 : J i
L?“j 50,4, 3 Y e — — =
_ 5 o] 58 Pyg [MW] W : ‘,é_
300l e .. 4 N ég —— Neutr. rate [a.u] -
52.4 52.42 52..44 52.46 52.48 52.5 = E ' o0 300 550
Time (S) 0.2 S S S S S S R S Time [ms]
0.164 0.1645 0.165
. Time (s) R
Fasoli, PRL 1998 Podesta, NF 2011 2

Fredrickson, PoP 2006



Prediction of character of energetic-particle-driven
transport in tokamaks

What tools can be used to model each type of transport?

Diffusive transport (typical for fixed-frequency modes)

* can be modelled using reduced theories, such as quasilinear

* typical in conventional tokamaks

Convective transport (typical for chirping frequency modes)

* needs to retain full nonlinear features of the wave, is
sustained by nonlinear phase-space structures

* typical in spherical tokamaks
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What tools can be used to model each type of transport?

Diffusive transport (typical for fixed-frequency modes)

* can be modelled using reduced theories, such as quasilinear

* typical in conventional tokamaks

Convective transport (typical for chirping frequency modes) =

* needs to retain full nonlinear features of the wave, is
sustained by nonlinear phase-space structures

* typical in spherical tokamaks

In this talk:

* development of a criterion for the likelihood of each nonlinear scenario and its
comparison with NSTX and DIII-D

* Predictions for TAE in ITER elmy and hybrid scenarios
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The study of the conditions that lead to fully nonlinear scenarios helps
to understand the applicability of reduced models

Need for predictive/efficient
interpretive capabilities motivates
the development of phase-space
resolved, self-consistent quasilinear

approach
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The study of the conditions that lead to fully nonlinear scenarios helps
to understand the applicability of reduced models

Diffusive module of the Resonance
Need for predictive/efficient Broadening Quasilinear (RBQ) code, for
interpretive capabilities motivates the case of two overlapping resonances
the development of phase-space

resolved, self-consistent quasilinear
approach

0.04

0.03¢

4= 0.02¢
12 LA IRAARRAARL IRARRRARL UMMM LA L
[ , #159243.785 | oo
::,-"{L‘r—a : 0
L [ = Classical ]
= P ]
& 8 g ]
s [ Kick Model: 6f
0 ~ A - g
o | <Y
:: M 3
< 4 ] ’
Q | o .
L ] 0 2 4 6 8 10 12 14 16 18
L ] ot
(o] R T T T TR T T
170 180 190 200 210 220 [Detailed description of the RBQ

MAJOR RADIUS (cm) code in N. Gorelenkov’s poster] 4



The study of the conditions that lead to fully nonlinear scenarios helps
to understand the applicability of reduced models

Diffusive module of the Resonance DIIl-D discharge 153072
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Weak nonlinear dynamics of driven kinetic systems can be used to develop a
criterion to distinguish between fixed-frequency and chirping responses

Starting point: kinetic equation plus wave power balance

Assumptions:
e  Perturbative procedure for wp < 7 (wp X \/mode amplitude)

* Truncation at third order due to closeness to marginal stability

*  Bump-on-tail modal problem, uniform mode structure

Cubic equation: lowest-order nonlinear correction to the evolution of mode amplitude A:

r"’l .)

(1.‘1 t/2 . . 3 2 (9 /e .9 .
YA [Tarra—r) [ dne @ smsig i 4 (¢
dt Jo Jo

=

—n) A" (t—21 — 1)

Berk, Breizman and Pekker, PRL 1996 Lilley, Breizman and Sharapov, PRL 2009 5



Weak nonlinear dynamics of driven kinetic systems can be used to develop a
criterion to distinguish between fixed-frequency and chirping responses
Starting point: kinetic equation plus wave power balance

Assumptions:
*  Perturbative procedure for wp, < 77 (wp X \/mode amplitude)

*  Truncation at third order due to closeness to marginal stability

*  Bump-on-tail modal problem, uniform mode structure

Cubic equation: lowest-order nonlinear correction to the evolution of mode amplitude A:

1/ t/2 2 . s,
S:A—/ drr? A(t—T dll( 27/ _T”@T WAt —7—1)A*(t =21 —7)
dt Jo

stabilizing destablllzmg (makes integral sign flip)

Berk, Breizman and Pekker, PRL 1996 Lilley, Breizman and Sharapov, PRL 2009 5



Weak nonlinear dynamics of driven kinetic systems can be used to develop a
criterion to distinguish between fixed-frequency and chirping responses
Starting point: kinetic equation plus wave power balance

Assumptions:
e  Perturbative procedure for wp < 7 (wp X \/mode amplitude)

* Truncation at third order due to closeness to marginal stability

*  Bump-on-tail modal problem, uniform mode structure

Cubic equation: lowest-order nonlinear correction to the evolution of mode amplitude A:

S:A—/ drr? A(t—r (1/1( {27/ _T”@T WAt —T—1) A (t =27 — 1))
dt Jo

stabilizing destablllzmg (makes integral sign flip)

* If nonlinearity is weak: linear stability, solution saturates at a low level and f merely flattens
(system not allowed to further evolve nonlinearly).

* If solution of cubic equation explodes: system enters a strong nonlinear phase with large
mode amplitude and can be driven unstable (precursor of chirping modes).

Berk, Breizman and Pekker, PRL 1996 Lilley, Breizman and Sharapov, PRL 2009



A criterion for the likelihood of chirping onset in tokamaks

Using an action and angle formulation, the previous weak nonlinear
theory leads to
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Using an action and angle formulation, the previous weak nonlinear
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A criterion for the likelihood of chirping onset in tokamaks

Using an action and angle formulation, the previous weak nonlinear
theory leads to
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A criterion for the likelihood of chirping onset in tokamaks

Using an action and angle formulation, the previous weak nonlinear
theory leads to

>0: fixed-frequency solution likely
<0: chirping likely to occur
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The criterion (Crt = 0) predicts that micro-turbulence should be key in determining

the likely nonlinear character of a mode, e.g., fixed-frequency or chirping
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Correlation between chirping onset and a marked reduction of

the turbulent activity
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DIlI-D: chirping criterion evaluation in negative vs positive triangularity

| ]| >0: fixed-frequency solution likely
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DIlI-D: chirping criterion evaluation in negative vs positive triangularity
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Correlation between chirping onset and a marked reduction
of the turbulent activity in NSTX, as computed by TRANSP

NSTX #128453
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GTS* global gyrokinetics analyses show turbulence reduction for rare
NSTX TAE transitions from fixed-frequency to chirping

150 NSTX 128453
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GTS* global gyrokinetics analyses show turbulence reduction for rare
NSTX TAE transitions from fixed-frequency to chirping
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GTS* global gyrokinetics analyses show turbulence reduction for rare
NSTX TAE transitions from fixed-frequency to chirping
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GTS* global gyrokinetics analyses show turbulence reduction for rare
NSTX TAE transitions from fixed-frequency to chirping
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GTS* global gyrokinetics analyses show turbulence reduction for rare
NSTX TAE transitions from fixed-frequency to chirping
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Examples of the chirping criterion evaluation:
spherical vs conventional tokamaks

chirping, NSTX fixed-frequencies, DIlI-D and TFTR
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Chirping is ubiquitous in NSTX but rare in DIII-D, which is consistent with the inferred fast ion micro-turbulent levels |,
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Predictions for n=7-11 TAEs! in ITER are near threshold
between steady and chirping

ITER - elmy and hybrid scenarios
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Summary

Criterion gives confidence in the application of quasilinear modeling;
The gyrokinetic code GTS confirms transition from/to chirping is likely
mediated by a change of turbulence;

Experiments with negative triangularity on DIII-D give credence to the
proposed chirping criterion predictions;

Predicted response for ITER (similarly to DIII-D predictions) appears to be
around the borderline between fixed-frequency and chirping.
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